This chapter addresses the idea that schizophrenia is a 'disconnection syndrome' from a theoretical and computational perspective.The distinction between anatomical and functional connectivity is reviewed and used as a framework to introduce empirical and computational evidence that schizophrenia involves, at some level, a disintegration of neuronal interactions. The chapter concludes with an example of computational neuroscience that relates observations on the dimensional complexity of neuronal dynamics in schizophrenia to the disconnection hypothesis. 
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The aim of this chapter is to bring together some current ideas about schizophrenia that have been developed in theoretical and computational neurobiology. Abnormal connectivity is central to most of these ideas and this chapter looks at schizophrenia as a subtle and pernicious 'disconnection syndrome'. The notion that schizophrenia represents a disintegration or fractionation of the psyche is as old as its name, introduced by Bleuler 1 to convey a 'splitting' of mental faculties. Many of Bleuler's primary processes, such as 'loosening of associations' emphasise a fragmentation and loss of coherent integration. The nature of this integration at a neurobiological level (functional integration) is now an important area in theoretical neurobiology. Functional integration is mediated by connections among neuronal systems and abnormal connectivity is a recurrent theme in theoretical accounts of schizophrenic phenomenology.
The chapter is divided into three sections. The first section considers different aspects of connectivity from the point of view of theoretical neurobiology. The second section presents evidence for abnormal connectivity in schizophrenia, with an emphasis on contributions from computational neuroscience. The final section represents an illustrative example of how computational and nonlinear methods can be used in schizophrenia research. The example chosen relates empirical observations on the dimensional complexity of electroencephalographic (EEG) activity in schizophrenia and the 'disconnection hypothesis'. There are many aspects of the disconnection hypothesis that are not discussed here (e.g. aetiology, neuro-developmental issues, plasticity, relation to cognitive models, regional specificity of disconnections, etc.) but their importance is acknowledged.
Aspects of connectivity

Anatomical connectivity
One taxonomy of connectivity distinguishes anatomical, functional and effective connectivity. Anatomical connectivity refers to the infrastructure of neuronal processes and projections in the brain. This connectivity is either intrinsic to the grey matter (e.g. GABAergic inhibitory interneurons) or extrinsic, linking grey matter regions (e.g. glutaminergic corticocortical or cortico-fugal projections). Anatomical connectivity has played a key role in elucidating many principles of functional organisation in the brain, particularly in visual cortex 2 " 1 .
Functional and effective connectivity
Functional connectivity pertains not to the infrastructure mediating neuronal interactions but, like effective connectivity, to the dynamical aspects. Functional connectivity is an operational measure and has been defined as the 'temporal correlations between spatially remote neurophysiological events' 5 . These concepts originated in the analysis of separable spike trains obtained from multiunit electrode recordings 6 "*. Functional connectivity is simply a statement about the observed correlations; it does not provide any direct insight into how these correlations are mediated. For example, at the level of multiunit microelectrode recordings, correlations can result from stimulus-locked transients, evoked by a common afferent input, or reflect stimulusinduced oscillations -phasic coupling of neuronal assemblies, mediated by synaptic connections 7 . To further characterise the integration within a system one turns to effective connectivity. Effective connectivity is closer to the intuitive notion of a connection (i.e. the influence one neuronal system exerts over another). In electrophysiology there is a close relationship between effective connectivity and (at a synaptic level) synaptic efficacy. In this chapter the two terms are used interchangeably.
There is an intimate relationship between these different sorts of connectivities. However, it should be noted that an observation on one does necessarily imply anything about another. Disconnection in schizophrenia may be neuroanatomical or inferred on the basis of abnormal dynamics. The latter may be abnormalities of functional connectivity (e.g. abnormal coherence in EEG) or effective connectivity (e.g. abnormal neuromodulation of synaptic efficacy). Mesulam 9 has emphasised the distinction between 'anatomically addressed channels for transferring information content and chemically addressed pathways for modulating behavioural tone'. Modulatory neurotransmitters modify neuronal excitability, not necessarily by a direct effect on postsynaptic membrane potential but by altering responsiveness to other transmitters. An interaction between two or more neurotransmitter systems is implicit: For example, dopamine terminals in prefrontal cortex contribute to synaptic complexes that include excitatory (e.g. glutaminergic) inputs onto pyramidal cells 10 . This synaptic arrangement implicates dopamine in modulating the effective connectivity between the prefrontal and distant cortical units. Dopamine has been implicated in a wide range of cognitive processes and its importance in schizophrenia has been repeatedly emphasised There is evidence to suggest that dopamine neurotransmission in the dorsolateral prefrontal cortex (DLPFC) is important in the execution of mnemonic tasks. Brozoski et al. n have shown that the chemical depletion of dopamine produces an impairment in delayed spatial alternation performance comparable to that caused by ablation (see also 12 ). Extracellular recordings in rat prefrontal cortex show that excitatory responses to stimulation of thalamic afferents are blocked by stimulation of ascending dopamine projections arising in the ventral tegmental area (VTA) 13 . More recently, Williams and Goldman-Rakic 14 have shown that dopamine antagonists can selectively potentiate the 'memory fields' of prefrontal units in monkeys, indicating a direct gating of excitatory synaptic inputs during cognition. In short dopamine modulates the efficacy of afferent prefrontal excitatory connections.
Modulation of synaptic efficacy
Disconnectionism vs dysplasia?
A fundamental aspect of connectivity that is not addressed above is plasticity. Connectivity is in a constant state of flux where neuronal dynamics affect the morphology of neuronal processes and synaptic specialisations, and the latter account for the ensuing dynamics. Connectivity is, therefore, constantly changing (particularly during development) both in the short and long-term. In relation to schizophrenia, plasticity [e.g. associative plasticity, self organisation, activitydependent changes in synaptic efficacy or experimentally induced longterm potentiation (LTP)] render connectivity and neuronal dynamics inseparable (i.e. the consolidation of synaptic specialisations and neuronal processes are a direct function of neuronal activity and neuronal dynamics are a function of the connectivity among units). This is important because 'dysplastic' theories of schizophrenia and 'disconnection' theories are essentially the same thing and, implicitly, both speak to a neuro-developmental perspective.
Schizophrenia: "disconnection syndrome'?
Anatomical connectivity in schizophrenia
The evidence suggesting abnormal connectivity in schizophrenia is anecdotal but compelling. For a more complete review of this evidence see Hoffman and McGlashan 15 . Hyde et al. u argue that the neurological condition that most resembles acute schizophrenia is metachromatic leukodystrophy. Adult cases, with an early onset, present with delusions, hallucinations and cognitive disorganisation. Lesions (involving an accumulation of sulfatide) in these particular patients occurred primarily in the frontal white matter. The idea is that metachromatic leukodystrophy provides a good lesion-deficit model of schizophrenia, where the lesion is an anatomical disconnection preferentially affecting connections with the prefrontal cortex.
Evidence for an association between white matter pathology and positive schizophrenic symptoms can be found in a neuropathological study of epileptic patients with and without psychosis by Bruton et al Vl ' . Epileptic patients with schizophrenia-like psychosis were distinguished from all other groups by a significant excess of pinpoint peri-vascular white-matter softenings. The corpus callosum contains the majority of interhemispheric projections. Although the literature is far from consistent meta-analysis of magnetic resonance imaging (MRI) studies of callosal anatomy suggest a significant reduction in callosal area in schizophrenia 18 . Further studies could be cited in support of a disconnection syndrome 19 . Most rely on putative neuro-developmental and cytoarchitectonic sequelae of abnormal connectivity, but they are not discussed here.
Functional connectivity in schizophrenia
Evidence for abnormal functional connectivity in schizophrenia is now beginning to emerge since the advent of neuroimaging time-series [e.g. 15 O positron emission tomography (PET) and functional MRI (fMRI) activation studies]. The resulting correlation (or functional connectivity) matrices are usually characterised in terms of their eigenvectors (eigenimages) or principal components 5 . In our work we have focused on prefrontal and temporal responses to word generation tasks and the abnormal integration of physiological responses in these two regions. Our analyses suggest that there is a profound disruption of large scale prefronto-temporal interactions in schizophrenia. These systems are particularly relevant if one considers that many positive symptoms of schizophrenia reflect a failure to integrate intrinsically generated representations and concurrent perception (see Friston and Frith 20 for more details). Figure 1 shows an eigenimage (d) that reflects the functional connectivity in a group of normal subjects that is, relatively speaking, the least expressed in a schizophrenic group. This eigenimage was obtained using a generalised eigenvector solution:
where C s and C c are the functional connectivity matrices from the schizophrenic and control groups respectively. X is the largest eigenvalue. This example was based on a PET verbal fluency study of 6 control subjects and 6 schizophrenics. The top panels depict the positive and negative parts of d. This eigenimage is interpreted as showing profound negative correlations between left DLPFC/anterior cingulate/mediodorsal thalamus (positive) and bilateral superior temporal/posterior cingulate/ extrastriate regions (negative). The amount to which this eigenimage was expressed in each subject is shown in the lower panel of Figure 1 using the appropriate 2-norm II d T .C.d II. This measure simply reflects the amount to which an eigenimage d contributes to the functional connectivity or correlation structure C s or C c .
Effective connectivity in schizophrenia
Neurochemical disconnections Phencyclidine (PCP) is a psychomimetic drug that induces schizophrenia-like symptoms. PCP psychosis is characterised by delusions, hallucinations and disorganised speech 21 . Unlike many other psychomimetics, PCP also affects cognition, attention and motor function in a way that closely mimics the deficits seen in schizophrenia. PCP is a potent inhibitor of N-methyl-Daspartate (NMDA) glutamate receptors. The majority of projections Eigenimage analysis of the schizophrenkand control subjects.Top left and right: positive and negative loadingsof the first eigenimage that ismaximalry expressed in the normal group and minimally expressed in the schizophrenicgroup.Thisanalysisused u OPcTactivation studies of word generations with 6 scans per subject and 6 subjects per group.The octivation study involved three word generation condrtions (word shadowing, semanticcategorisationand verbal fluency) each of which was presented twiceJhe grey scale isarbitraryandeach image hasbeen normalised to the image maximum.The dijpl ay format is standardandrepresentsamaximumintensity projection from three orthogonal views of the brain (from the right from behind and from above). This eigenimage is virtually absent in the schizophrenic data. This point is made by expressing the amount of functional connectivity attributable to the eigenimage in both groups, using the appropriate 2-norm (lower panel). in the brain are extrinsic (e.g. cortico-cortical) and use glutamate as an excitatory neurotransmitter. Two lines of evidence suggest reduced synaptic glutamate in schizophrenia. The first relies on abnormal markers of glutamate function in postmortem material: for example reduced glutamate release from isolated synaptosomes sampled from the prefrontal and temporal regions of schizophrenics 22 (see also Deakin et alP). The second line of evidence suggests reductions in glutamate in the left prefrontal cortex of schizophrenics (relative to controls) usinĝ -magnetic resonance spectroscopy in vivo 24 . In short, PCP psychosis could be construed as a transient chemical effective disconnection syndrome, preferentially affecting excitatory cortico-cortical connections.
Parallel distributed processing (PDP) models
Cohen and ServanSchreiber 25 have used connectionist models in a compelling way to explore the relationship between cognitive deficits and biological abnormalities in schizophrenia. They have focused on attention and language processing in relation to dopaminergic modulation of prefrontal cortical interactions. The models simulate normal and schizophrenic-like performance on the Stroop task, continuous performance tasks and a lexical disambiguation task. The cognitive deficits can be modelled in terms of a 'gain' parameter corresponding to the neuromodulatory effect of dopamine on synaptic efficacy in the prefrontal cortex.
where s, is the activity of unit i and C,j is the connection strength between units i and j. What is remarkable about this work is that a diversity of deficits (observed in schizophrenics during the performance of selective attention and language tasks) could be emulated quantitatively by manipulating just one control parameter-the gain. From the current perspective this control parameter changes effective connectivity. (See Cohen and Servan-Schreiber 25 for a full review.)
Attractor networks Hoffman has used PDP models (fully interconnected Hopfield-type networks) as a model of associative memory to emulate many phenomena that share some features with the experiential symptoms of schizophrenia. Recent work (fully reviewed in Hoffman and McGlashan 15 ) has explicitly addressed the breakdown of communication (connectivity) between cortical areas. Simulations of this pathology suggest two consequences: (i) some cortical circuits will become functionally autonomous; and (ii) a subset of these circuits will yield 'parasitic foci' that slavishly reproduce the same output. These parasitic foci are one symptom of interactional pathology in PDP networks that ensue when increasing numbers of connections are removed or pruned.
Parasitic foci can be thought of as attractor states (representing the output or 'memory') that are unaffected by activity in other parts of the system. Moreover, these foci arose de novo, in the-sense they do not resemble any previously stored memory, striving relentlessly to reproduce themselves. Hoffman argues that delusions of control, paranoid delusions, thought broadcasting and auditory hallucinations can all be framed in terms of parasitic foci, located at different levels of language processing. This theme of disintegration, with the emergence of autonomous and chaotic local dynamics is central to the next section; where empirical measurements of chaos, in brain dynamics, and theoretical predictions are brought together.
Nonlinear dynamics and dimensional complexity
Background
In this section we relate empirical nonlinear characterisations of neuronal dynamics in schizophrenia, to the disconnection hypothesis discussed above. Nonlinear dynamics have become increasingly important in computational neurobiology and synthetic neuronal modelling 26 . The most common nonlinear characterisation of (putative) chaotic electrophysiological time-series is the correlation dimension (D 2 ). The correlation dimension (sometimes known as dimensional complexity) measures the degree of chaos of a strange attractor. Although there are problems associated with its measurement and validation, in application to real neuronal systems, the correlation dimension is a useful index if one accepts a 'strange attractor' metaphor for brain dynamics. Koukkou et al. 27 assessed the correlation dimension over the left temporo-parietal region of first-episode unmedicated schizophrenics. Compared to a controls and medication free neurotics the first-episode schizophrenics had a significantly (p<0.001) higher D 2 (schizophrenics 4.44, neurotics 4.11 and controls 3.96). Is this consistent with a disconnection syndrome? In fact it is: the simulations below suggest that as extrinsic excitatory connectivity is reduced, the correlation dimension increases. The intuitive reason for this relates to the progressive isolation of local neuronal systems, allowing each to express its own distinct dynamics. Each of these functionally isolated components contributes its own dimensions to the global attractor. As extrinsic or between group connectivity increases the functional interactions cause the dynamics to be integrated into a single low-dimensional attractor with a much smaller D 2 . The expression of locally-specific dynamics in the absence of extrinsic connectivity is very reminiscent of Hoffman's 'parasitic' attractors that reproduce the same dynamics unfettered by activity in other areas.
The nonlinear simulation
The simulation comprised 3 groups of 8 units. Within each group every unit was vicariously connected to every other unit with one excitatory connection and 7 inhibitory connections (c.f. GABA inhibitory interneurons). These intrinsic or within-group connectivities were chosen to ensure chaotic dynamics. The connections between groups were sparse and excitatory (c.f. glutaminergic cortico-cortical projections). The within-group excitatory and inhibitory connectivity matrices (F^ and I) and the between-group excitatory connectivity matrices E b were scaled to a Frobenius norm of one. Dynamics were obtained by integration of: The relative amount of extrinsic or between-group connectivity was varied using a control parameter a.3s/9t is the change in activity of unit i per iteration. The form of this equation means that excitatory inputs from unit j increase activity in unit i according to the excitatory connection strength Ej,. The inhibitory inputs, mediated by the inhibitory connections I ;j are modulated by activity intrinsic to the unit in question. This nonlinear interaction can be thought of as emulating shunting inhibition, where the effect is only realised in the presence of postsynaptic depolarisation. Although Equation 3 may seem very simple it can lead to markedly nonlinear dynamics reminiscent of neuronal systems with spontaneous periodic bursting.
The dimensional complexity (D 2 ) was measured (as described in Friston et al. 2S ) as a function of extrinsic connectivity a. As predicted, the dimensional complexity fell monotonically with increases in a. Figure 2 (middle panel) shows this relationship and provides examples of the simulated EEG at low (left) and high (right) levels of between-group connectivity. In summary, progressive disconnection at the level of 
Conclusion
There is large and diverse body of evidence to support the notion that schizophrenia can be thought of as a disconnection syndrome. Theoretical considerations and computational neurobiology may inform the interpretation of some empirical observations that may, at first glance, seem difficult to understand intuitively.
